Four sediment cores from the southern part of the Arkona Basin were analyzed in terms of their geochemical composition, age and stratigraphy. The main stages of the Baltic Sea: the Baltic Ice Lake, the Ancylus Lake and the Littorina Sea were identified in all the analyzed cores. The data confirmed the high water fluctuation and significant environmental changes during the Baltic Sea evolution in the Late-Glacial and the Holocene. The signs of the second regression of the Baltic Ice Lake, dated at around 11 000 cal BP, were identified at a depth of 24 m b.s.l. Regression of the Ancylus Lake, dated at 9300 cal BP, was identified at a depth of 23 m b.s.l. The most pronounced period was the transition stage between the Ancylus Lake and the Littorina Sea. The record of the Littorina Sea onset in the sediments of the Arkona Basin is marked as a sudden increase in loss on ignition, biogenic silica, magnesium, calcium, iron and strontium. The age of the Littorina Sea in the Arkona Basin was estimated as younger than 8200 cal BP. 
INTRODUCTION
The Baltic Sea basin during the Late-Glacial and the Holocene underwent a strong water level and salinity fluctuations, which were controlled by isostatic rebound of Fennoscandia and the eustatic level rise. These changes were followed by several marine and lacustrine stages: the Baltic Ice Lake, the Yoldia Sea, the Ancylus Lake and the Littorina Sea (Björck 1995) . The general knowledge about the Baltic Sea evolution is fairly profound but many problems still remain unresolved, particularly those related to the age and character of changes during the transition periods. The Baltic Ice Lake, the oldest stage of the Baltic Sea evolution began at 17 000 cal BP after deglaciation of the ice sheet (Björck 1995 , Lagerlund et al. 1995 and existed until the final drainage of the Baltic Ice Lake into the North Atlantic at 11 600 cal BP (Kortekaas et al. 2007 ). The Baltic Ice Lake high stands at around 20 m b.s.l. were interrupted by sudden regressions to 40 m b.s.l. due to the ice recession from Mt. Billingen in the south of Sweden (Björck 1995) . The age of the first regression of the Baltic Ice Lake was estimated at 12 800 cal BP in the Allerød (Moros et al. 2002) . After the final regression of the Baltic Ice Lake, the connection with the North Atlantic was established. It resulted in the saline Yoldia Sea stage which was terminated at 10 600 cal BP. The glacio-isostatic uplift of Scandinavia led to isolation from the ocean and the Baltic basin transformed into the Ancylus Lake. During the transgression stage at 10 300 cal BP, the Ancylus Lake reached a maximum height of 18 to 20 m b.s.l. (Lemke et al. 1998) . The Ancylus Lake transgression was interrupted by regression dated at 10 200 cal BP. The lowest water level of the Ancylus Lake is not well determined. Some results suggested that the regression lowered the water level to 23 m b.s.l. (Björck et al. 2008) or 32 m b.s.l. (Lemke et al. 1998 (Berglund et al. 2005) . The latest studies from the southern Baltic basins indicated the onset of the Littorina transgression at 7200 cal BP in the Arkona Basin (Rößler et al. 2011) and at 7600 cal BP in the Gdańsk Basin (Emelyanov and Vaikutienė 2013) .
The results of radiocarbon dating and geochemical analysis of four sediment cores retrieved from the Arkona Basin and presented in this paper should refine our knowledge about the water level, age and character of changes during different stages of the Baltic sea evolution. Furthermore, the aim of this paper is to draw attention to the spatial diversity of the depositional environment at different elevations and locations.
MATERIAL AND METHODS
The sediment cores were taken using a 6 m gravity corer aboard the research vessel FS "A. v. Humboldt in the south-eastern and south-western part of the Arkona Basin during the period of [2001] [2002] (Fig. 1) . Core 246060 was collected at a water depth of 20.7 m, at 54°28.999´N, 13°42.231´E, 8 km east of Rugia Island in the Oder Channel, the former Oder river valley (Lampe 2005) . The next core -no. 233250 − was taken at a depth of 30.7 m, at 54°41.232´N, 13°34.035´E, 9 km north-east of Cape Arkona on Rugia Island. Core 233160 was collected at a water depth of 28.8 m, at 54°45.027´N, 13°03.069´E, 16 km north-west of Rugia Island. The deepest core -no. 233220 − was collected at a water depth of 40.4 m, at 54°45.974´N, 13°15.048´E, 12 km north-west of Rugia Island. The cores were cut into 1 m sections for storage and then into 1 cm samples. Sediment samples were dried and combusted at 550°C to determine the loss on ignition (LOI). Combusted samples were digested with aqua regia in a water bath for 16 h at room temperature followed by boiling for 2 h to determine the total silica content. The terrigenous silica content was determined as residuals after dissolution of biogenic silica in a solution of 0.5 N sodium hydroxide. The metal content of magnesium (Mg), calcium (Ca) iron (Fe), and strontium (Sr) was measured in digested liquid samples using the technique of flame atomic absorption spectrometry (Boyle 2001) . The selected sediment samples, organic detritus and shells were submitted for the accelerator mass spectrometry (AMS) radiocarbon dating at the Poznań Radiocarbon Laboratory. The 14 C dates were calibrated using Intcal13 and Marine13 datasets (Reimer et al. 2013) in Calib7.02 software (Stuiver and Reimer 1993) . The age of the reservoir was estimated at 300 years based on the Chrono Marine Reservoir Database (Lougheed et al. 2013) . The cores were subdivided into units based on the constrained hierarchical clustering algorithm (coniss) by the method of incremental sum of squares (Grimm 1987) implemented in the R package rioja (Juggins . While the number of significant units was determined by the broken-stick algorithm (Bennett 1996) , also implemented in the rioja package.
RESULTS

Core 246060
Core 246060 was built of pale olive-grey fine sand (383-485 cm) at the bottom, olive-black silty clay with humus (359-383 cm), olive-grey sandy silt (296-359 cm), olive-black peat gyttja (270-296 cm) and olive-grey mud (0-270 cm) at the top. The core was divided into four geochemical units (Fig. 2 ) that represent stages of the Baltic Sea evolution. The lowermost unit AB-246060-1 was identified at a core depth of 383-485 cm with fine sand sediment. The characteristic features of this unit include a high content of terrigenous silica (93-97%) and very low content of loss on ignition (1%), magnesium (0.1-0.18), iron (0.6%) and strontium (20 µg g -1 ). The content of calcium increased upward from 2.2 to 0.4%. Unit AB-246060-2 (296-383 cm) consists of silty clay with humus at the bottom and fine sandy silt at the top of the unit. The humus sample collected at 370 cm was dated at 9700 ±60 14 C years BP and calibrated to 10889-11211 cal BP (Table 1) . The sediment of this unit was characterized by a high content of terrigenous silica (94%) and an upward decrease in loss-on-ignition (from 5.8 to 1.5%) and biogenic silica content (from 5.7 to 1.8%). The content of metals was low: calcium 0.5-1%, magnesium 0.1-0.3%, iron 0.5% and strontium 7.6 µg g -1 . The overlay unit AB-246060-3 was identified at 296-145 cm and consists of peat gyttja at the bottom and mud at top. Three samples from this unit were dated. A sediment sample of peat gyttja collected at 280 cm was dated at 8300 ±50 14 C years BP and calibrated to 9258-9421 cal BP. The bulk sample of mud collected at 250 cm was dated at 7720 ±50 14 C years BP and calibrated to 8166-8386 cal BP. The sample of Cerastoderma sp. shells collected at 180 cm was dated at 5560 ±50 14 C years BP and calibrated to 5935-6180 cal BP. Characteristic features of unit AB-246060-3 included an upward decrease in the content of terrigenous silica (from 75 to 65%) and an increase in the content of biogenic silica (from 3.6 to 7.6%), magnesium (from 0.3 to 0.9%), calcium (from 0.15 to 2.83%), iron (from 1.8 to 3.2) and strontium (from 27 to 124 µg g -1 ). The highest contribution of loss on ignition was (10-11%) in the bottom part in peat gyttja and in the top part in the mud. The uppermost unit AB-246060-4 (0-145 cm) was identified in the mud sediment. The sediments of this unit was characterized by an upward increase in terrigenous silica (from 84 to 88%) and an decrease in loss on ignition (from 3.8 to 3.1%), biogenic silica (from 3.4 to 2.1%), calcium (from 0.7 to 0.14%), magnesium (from 0.6 to 0.2%), iron (from 1.2 to 1%) and strontium (from 23 to 20 µg g -1 ).
Core 233250
Core 233250 was collected from the southern part of the Arkona Basin, 24 km north-west of core 246060 and was built of olive-grey fine sand (233-431 cm), and olive-grey fine sandy mud (0-233 cm). The sediments of the core were divided into three geochemical units (Fig. 3) . The lowermost unit AB-233250-1 (285-431 cm) consists of very fine sand and is characterized by a high content of terrigenous silica (94-99%) and low contributions of loss on ignition (1%), biogenic silica (0.6%), magnesium (0.1%), iron (0.3%). The content of calcium (1.5-2.5%) and strontium (8-14 µg g -1 ) decreased upward. The overlaying unit AB-233250-2 (233-285 cm) was built of fine sand as the unit below, but geochemical composition was different. The main geochemical features of this unit included an upward decrease in terrigenous silica (89-96%) and calcium (0.3-1.3%), and an increasing contribution of loss on ignition (0.7-2.7%), biogenic silica (0.6-3.1%), magnesium (0.1-0.38%), iron (0.35-0.9%) and strontium (6-17 µg g -1 ). The uppermost unit AB-233220-3 (233-105 cm) consists of fine sandy mud. Two sediment samples from this unit were dated. The sample of organic detritus collected at a depth of 220 cm was dated at 7610 ±50 14 C years BP and calibrated to 8061-8290 cal BP. The next sample was taken at 100 cm and dated at 3505 ±35 14 C years BP and calibrated to 3374-3627 cal BP. The pronounced feature of this unit was a fluctuation of the most analyzed geochemical parameters. The high content of loss on ignition (2.7%), biogenic silica (3.1%), magnesium (0.4%), iron (0.9%) and strontium (18 µg g -1 ), and low content of terrigenous silica was recorded at depth intervals of 100-140 cm and 190-220 cm. The contribution of calcium decreased upward from 0.6 to 0.4%.
Core 233220
Core 233220 was collected from the southwestern part of the Arkona Basin, 21 km north-west of core 233250. The sediments of the core consist of olive-grey silty clay (480-570 cm) at the bottom, olive-black clay with humus (441-480 cm), olive-grey fine sand (440-441 cm) and olive-grey mud (0-440 cm) at the top of the core. The core was divided into four geochemical units (Fig. 4) . The lowermost unit AB-233220-1 (480-570 cm) consists of silty clay and has a low content of loss on ignition (2%), biogenic silica (2%) and iron (1%), and a high content of terrigenous silica (91%). The most pronounced finding at a depth interval of 520-560 cm was an upward decrease in the content of calcium (from 3 to 1.2%), magnesium (from 0.7 to 0.4% ) and strontium (from 38 to 15 µg g -1 ). At a depth of 510 cm, the content of calcium increased to 3%, magnesium − to 1% and strontium − to 36 µg g -1 . The next unit − AB-233220-2 (440-480 cm) − was built of a 39 cm layer of clay with humus and a 1 cm layer of fine sand at the top. The sample of organic detritus was dated at 8910 ±50 14 C years BP and calibrated to 9930-10,173 cal BP. The characteristic features of this unit included an upward increase in the content of terrigenous silica (from 76 to 96%) and loss on ignition (from 3.5 to 11%), and an upward decrease in the contribution of biogenic silica (from 2.3 to 0.9%), calcium (from 0.9 to 0.1%), magnesium (from 1 to 0.1%), iron (from 3.1 to 0.6%) and strontium (from 32 to 4 µg g -1 ). Unit AB-233220-3 (300-440 cm) was identified in mud sediments. The bulk sample of mud was dated at 8170 ±50 14 C years BP and calibrated to 8652-8964 cal BP. The most pronounced findings in this unit included an upward decrease in the content of loss on ignition (from 8.7 to 3.3%), magnesium (from 1.4 to 0.4%) and iron (from 3.48 to 1.2%) and an upward increase in the content of terrigenous silica (from 69 to 85%). Some elements, as biogenic silica (6.2-7.6%), calcium (2.6%) and strontium (32-41 µg g -1 ), occurred in high concentrations only at depth intervals of 320-370 cm and 410-430 cm. The uppermost unit AB-233220-4 (0-300 cm) was identified in the upper section of mud sediments. The sediments of this unit are characterized by an upward decrease in the contribution of loss on ignition (from 3.4 to 1%), biogenic silica (from 3.8 to 2%), calcium (from 0.5 to 0.2%), magnesium (from 0.5 to 0.1%), iron (from 1.2 to 3.8%) and strontium (from 14.5 to 5 µg g -1 ), and an increase in the content of terrigenous silica (from 90 to 96%).
Core 233160
Core 233160 was collected from the southwestern part of the Arkona Basin, 13 km to northwest of core 233220. The core was built of fine sand (282-300 cm) at the bottom of the core, humus silt (268-282 cm), peat gyttja (257-268 cm), fine sand (142-245 cm), sandy mud (108-142 cm) and fine sand (0-108 cm) at the top of the core. In respect of geochemical composition, the core was divided into five geochemical units (Fig. 5) . The geochemical composition of this core was largely determined by a sediment type. Except for terrigenous silica, most elements occurred with the highest concentrations in the sediments of organic origin. The lowermost unit AB-233160-1 (240-300 cm) consisted of humus silt and peat gyttja and was characterized by an upward increase in the contribution of loss on ignition (1.5-3.8%), biogenic silica (0.8-2.3%), magnesium (0.2-0.3%), calcium (2.6%), iron (0.5%) and strontium (56 µg g -1 ) and a decrease in the content of terrigenous silica (95-88%). The next unit − AB-233160-2 (180-240 cm) − was built of fine sand with plant debris. The sample of organic detritus was dated at 10340 ±50 14 C years BP and calibrated to 12063-12378 cal BP. The most pronounced features of this unit included fluctuations in the content of loss on ignition (from 0.9 to 3.8%), biogenic silica (from 0.7 to 1.2%) and terrigenous silica (from 92 to 96%). The content of metals: calcium (1.2%), iron (0.3%), magnesium (0.1%) and strontium (20 µg g -1 ) in sediment was low and stable. The overlaying unit AB-233160-3 (115-180 cm) consisted of fine sand at the bottom and sandy mud at the top (115-142 cm) of the unit. Sediments of this unit are characterized by a slight upward increase in the contribution of loss on ignition (from 0.5 to 1.2%), biogenic silica (from 0.9 to 2.4%), iron (from 0.16 to 0.45%), calcium (from 0.4 to 0.63%), magnesium (form 0.03 to 0.11%), strontium (from 8 to 14 µg g -1 ) and a decrease in terrigenous silica (from 97 to 94%). Unit AB-233160-4 (95-115 cm) was built of sandy mud and had the highest content (compared to other parts of the core) of loss on ignition (4%), biogenic silica (3.6%), calcium (2%), iron (0.92%), magnesium (0.39%) and strontium (41 µg g -1 ). The sediment sample taken at a depth of 105 cm was dated at 7530 ±50 14 C years BP and calibrated to 7962-8195 cal BP. The uppermost unit AB-233160-4 (0-95 cm) contained fine sand and low contribution of loss on ignition (0.5%), biogenic silica (1.5%), calcium (0.5%), iron (0.1%), magnesium (0.07%), strontium (10 µg g -1 ).
DISCUSSION AND CONCLUSION
Baltic Ice Lake stage
The sediment from the oldest stage of the Baltic Sea evolution was identified in the analyzed cores. This stage represents sand and silty clay sediments from the bottom units of the analyzed cores: AB-246060-1, AB-233250-1 and AB-233220-1. The period of sediment deposition was confirmed by radiocarbon dating.
The last high stand of the Baltic Ice Lake was recorded in sediments of unit AB-246060-1 in core 246060 from the south-eastern part of the Arkona Basin at the Oder Channel where the sample of silty clay with humus was dated at 10889-11211 cal BP. According to Bennike and Jensen (2013) , plant debris from the deeper part of the Arkona Basin, found at a depth of 45.3 m b.s.l., are 12674-13069 cal BP old, which was interpreted as an indication of a low stand of the Baltic Ice Lake after the first regression.
A dated sample was found at a depth of 24.4 m b.s.l. and, despite possible re-deposition, could be interpreted as coastal sediments deposited after the final regression of the Baltic Ice Lake (Moros et al. 2002) . This date is consistent with other similar dates determined in this area (Lampe 2005) and with the assumption that the water level during the early Preboreal Chronozone was at 25 m b.s.l. The common characteristics of geochemical composition of sediments deposited during the Baltic Ice Lake stage included a high content of terrigenous silica, calcium, magnesium and strontium, and a low content of loss on ignition, biogenic silica and iron. Such geochemical composition confirmed the existence of depositional environment with a high mineral input and inflows of clay minerals (Higgins and Schrag 2010) . Sediments in the shallowest cores were covered by a layer of sands and silts with organic detritus with a higher loss-on-ignition content deposited in the coastal area of the Baltic Ice Lake.
Ancylus Lake stage
The sediments of fine sand, sandy silt and silt with humus of units AB-246060-2, AB-233250-2, AB-233220-2 and AB-233160-1 were deposited during the Ancylus Lake stage. The sediment from the Yoldia Sea stage was not identified in the analyzed cores, presumably due to a low water level (30-40 m b.s.l.) during this stage (Björck 1995) . Two dates made in samples from the top part of the units confirmed the Ancylus Lake origin of sediments. The sample of humus taken at a depth of 44.9 m b.s.l from core 233220 was dated at 9930-10173 cal BP. The next sample from the layer of peat gyttja taken at a depth of 23.5 m b.s.l. from core 246060 was dated at 9258-9421 cal BP. The dates presented above relate to the regression period of the Ancylus Lake (Björck 1995 , Jensen et al. 1999 . The peat gyttja sediment from core 246060 was presumably deposited in a swap which existed in this area after the Ancylus Lake regression, and confirmed the hypothesis that at about 9300 cal BP the water level was below 23 m b.s.l. The position of unit AB-233160-1 with peat gyttja at a depth of 31.3 m b.s.l suggested that the sediment was presumably deposited during the Ancylus Lake regression but it was not confirmed due to lack of dating.
The sand and silty sand sediments of Lake Ancylus from cores 246060, 233160 and 233250 collected at a depth of 20 to 30 m b.s.l. are characterized by the dominance of terrigenous silica due to shallow water deposition. On the other hand, the sediment of unit AB-233220-2 collected at a depth of 44.8 m b.s.l. consists of clay with humus which is characterized by a high content of loss on ignition, terrigenous silica, iron and strontium. The above-described composition reflected the dominance of mineral deposition with an input of organic detritus presumably due to re-deposition from flooded land areas and transported during the Ancylus regression into deeper parts of the basin. Similar sediments of terrestrial origin of organic material deposited with coarse mineral material were also identified previously in the Arkona Basin (Moros et al. 2002) and the Bornholm Basin .
Littorina Sea stage
The Littorina Sea was the most pronounced stage of the Baltic Sea evolution in the Holocene. Sea inflows referred to as the Littorina transgression transformed the freshwater Ancylus Lake into a brackish-water sea as a result of the eustatic ocean level rise (Mörner 1976) (Rotnicki 2009) , and on the Lithuanian coast dated at about 8900 cal BP (Bitinas and Damušytė 2004) . When analyzing the previous studies of sediments from the basins of the southern Baltic Sea, different dates of the first appearance of the marine environment were found. The oldest date of 10100 cal BP of a minor marine inflow and the date of 7850 cal BP of a fully marine environment were retrieved in the Bornholm Basin . The onset of marine environment in the Gdańsk Basin was dated at around 7600 cal BP (Emelyanov and Vaikutienė 2013) . The youngest date of 7200 cal BP was found in the Arkona Basin (Moros et al. 2002 , Rößler et al. 2011 . The problem of age discrepancy was described by Kortekaas et al. (2007) and Rößler et al. (2011) where bulk 14 C ages, 14 C ages of macrofossils and OSL ages of marine sediment were compared. The authors concluded that the bulk 14 C ages are ~1000 years too old, because of possible sediment mixing with older carbon and indicated that the calcareous fossils are more suitable for dating. Thus the age of 7200 cal BP of the Littorina transgression in the Arkona Basin is more accurate (Rößler et al. 2011) . Taking into account the above-mentioned reservations, it should be estimated that the date of the Littorina transgression onset, in the presented cores from the Arkona Basin, was younger than 8200 cal BP. The date of 12063-12378 cal BP of organic detritus was determined in unit AB-233160-2 in core 233160 and related to the youngest part of the Allreød Chronozone. The dated organic detritus was presumably redeposited during the Littorina transgression.
Sediments of the Littorina Sea stage from all the analyzed cores are characterized by a sudden upward increase in loss on ignition, biogenic silica, calcium, strontium, iron and magnesium. Changes in the geochemical composition confirmed that the environment changed rapidly from the freshwater Ancylus Lake into the marine Littorina Sea as it was described in the previous studies (Emelyanov and Vaikutienė 2013 , Kostecki and Janczak-Kostecka 2012 , Moros et al. 2002 . The increasing content of loss on ignition, biogenic silica reflected an increase in the primary production that was stimulated by an inflow of saline, oxygenated water enriched with nutrients. It was confirmed also by the abundance of marine and brackish diatom assemblages in the sediments of the Littorina Sea stage (Kostecki and Janczak-Kostecka 2012) . The inflow of sea waters was accompanied by higher concentrations of sulfur that caused bonding of iron into sulfide minerals (Sohlenius et al. 2001) . Emelyanov and Vaikutienė (2013) reported that the freshwater Ancylus Lake environment could be accompanied by oxygen deficiency that caused dissolution of magnesium and iron ions in the bottom water. Thus, the inflow of oxygenated sea water caused bonding of magnesium and iron into minerals and their deposition at the bottom. The increase in the content of magnesium, calcium, and strontium reflected also an enrichment in the occurrence of marine benthic foraminifers (Rößler et al. 2011) . Strontium and magnesium are often removed from the sea water by calcareous organisms, especially mollusks and foraminifera (Turekian 1964) , and thus the high content of these elements clearly reflects the development of the marine environment during the Littorina Sea stage.
Post-Littorina Sea stage
The uppermost units found in the analyzed cores: AB-246060-4, AB-233250-4, AB-233220-4 and AB-233160-5 represent the Post-Littorina Sea stage. The sample of mud from core 233250 taken at the bottom of the unit was dated at around 3200 cal BP and, taking into account a possible age error from bulk sediment, it could be interpreted as the age of the onset of the Post-Littorina stage. A similar age of the transition period between the Littorina and PostLittorina stages was determined in the Bornholm Basin (2750 cal BP; Andrén et al. 2000) and in the Gulf of Gdańsk (3000 uncorrected 14 C; Witkowski 1994) . The most characteristic feature of this stage was a gradual decrease in the marine character of the environment with a slight decline of salinity recorded by diatom composition (Emelyanov and Vaikutienė 2013 , Witak and Dunder 2007 , Witkowski 1994 . A slight decline of the marine character of the environment was also reflected in the geochemical composition, i.e. in a gradual upward decrease in loss on ignition, biogenic silica, magnesium, calcium, iron and strontium. The decreasing salinity and depletion of oxygen in the water column led to reduced bonding of magnesium and iron into oxide minerals.
CONCLUSIONS
The stratigraphic units belonging to the main stages of the Baltic Sea evolution in the Holocene: the Baltic Ice Lake, the Ancylus Lake, and the Littorina Sea were found in all the analyzed cores from the Arkona Basin. Fluctuations of the water level were recorded as an indication of transgressions an regressions. The indications of the second regression of the Baltic Ice Lake were identified at a depth of 24 m b.s.l. and dated at around 11 000 cal BP. Geochemical composition of the Baltic Ice Lake sediments confirmed a high mineral input, controlled by clay mineral inflows. The Ancylus Lake stage was recorded as a shallow water environment with terrestrial origin of organic material deposited with coarse mineral material. The regression of the Ancylus Lake dated at 9300 cal BP was identified at a depth of 23 m b.s.l. and presumably 31.3 m b.s.l. The Littorina transgression in the Arkona Basin was recorded as a sudden increase in the loss on ignition, biogenic silica, magnesium, calcium, iron and strontium, and should be estimated as younger than 8200 cal BP.
